ABSTRACT: Although fundamentally significant in structural, chemical, and membrane biology, the interfacial protein-detergent complex (PDC) interactions have been modestly examined because of the complicated behavior of both detergents and membrane proteins in aqueous phase. Membrane proteins are prone to unproductive aggregation resulting from poor detergent solvation, but the participating forces in this phenomenon remain ambiguous. Here, we show that using rational membrane protein design, targeted chemical modification, and steady-state fluorescence polarization spectroscopy, the detergent desolvation of membrane proteins can be quantitatively evaluated. We demonstrate that depleting the detergent in the sample well produced a two-state transition of membrane proteins between a fully detergent-solvated state and a detergent-desolvated state, the nature of which depended on the interfacial PDC interactions. Using a panel of six membrane proteins of varying hydrophobic topography, structural fingerprint, and charge distribution on the solvent-accessible surface, we provide direct experimental evidence for the contributions of the electrostatic and hydrophobic interactions to the protein solvation properties. Moreover, all-atom molecular dynamics simulations report the major contribution of the hydrophobic forces exerted at the PDC interface. This semiquantitative approach might be extended in the future to include studies of the interfacial PDC interactions of other challenging membrane protein systems of unknown structure. This would have practical importance in protein extraction, solubilization, stabilization, and crystallization.
■ INTRODUCTION
The protein−detergent complex (PDC) interactions play a pivotal role in extraction, solubilization, and stabilization of water-insoluble membrane proteins.
1−5 Therefore, they were studied by various approaches. For example, circular dichroism (CD) spectroscopy was employed to probe alterations in the secondary structure and stability of membrane proteins under diverse detergent-solubilization contexts. 6 Using hydrogen− deuterium exchange, along with NMR spectroscopy and mass spectrometry, Raschle and colleagues (2016) have recently examined the time-dependent protein folding of the outer membrane protein X in proteomicelles. 7 The nature of the interfacial PDC interactions was also inspected in the gas phase using ion-mobility mass spectrometry. 8 Moreover, isothermal titration calorimetry (ITC) was used for the real-time probing of phase diagrams between bilayer-forming lipids and micelleforming detergents. 9, 10 Differential scanning calorimetry (DSC) was adapted for the investigation of the impact of detergents on the water-soluble domains of membrane proteins. 2, 5 However, the detergent-mediated solubilization and refolding of mem-brane proteins often lead to aggregation, 11 a ubiquitous process caused by the inability of detergents to fully solvate them. There are at least three reasons for a modest progress in this research area. First, the protein aggregation substantially deteriorates the signal-to-noise ratio of most spectroscopic and calorimetric approaches. Second, the protein-free detergent micelles without an accurately determined concentration coexist with the proteomicelles in aqueous phase, adding an uncontrolled signal. Third, the quantitative assessment of the interfacial PDC interactions is impractical in the absence of a high-throughput screening (HTS) approach that utilizes a low concentration of membrane proteins.
Here, we show that we can overcome these challenges using rational membrane protein design, along with targeted chemical modification and steady-state fluorescence polarization (FP) spectroscopy, 12, 13 to probe the detergent desolvation transitions of membrane proteins. The FP spectroscopy was previously used to inspect: (i) the interactions of mild 14 and harsh 15 detergents with water-soluble proteins, (ii) the harsh detergent-induced unfolding 16 and resistance of soluble proteins to denaturation, 17 (iii) the detergent-mediated oligomerization of hydrophobic proteins into proteomicelles, 18 and (iv) the impact of detergent on conformational changes 14 and enzymatic activity 19 of soluble proteins. In this article, we place an emphasis on the transition of detergent desolvation of hydrophobic membrane proteins. Such a process undergoes a two-state transition, whose apparent dissociation constant, K d , is usually within the same order of magnitude with the critical micelle concentration (CMC). 2, 5, 20 The adhesive interactions occur at the specific interface between the detergent tails and hydrophobic residues on the detergent-accessible surface of the membrane protein. In addition, these interactions occur at the specific interface between the polar head groups of the detergents and watersoluble parts of the membrane protein. In contrast, the cohesive interactions are mediated by detergents, maintaining the integrity of the proteomicelle. The aberrant imbalance between these interactions produces a significant departure of the proteomicelle dissociation from the demicellization transition.
For exploring the PDC interactions exposing β-barrel surfaces, we chose the outer membrane protein G (OmpG) 21 and three extensive truncation derivatives of ferric hydroxamate uptake component A (FhuA) 22 of E. coli ( Figure 1 ). We demonstrate that robust β-barrel proteins, which tolerate extensive changes in charge distribution across the solventaccessible surface, exhibit drastic alterations in the interfacial PDC interactions. In some instances, these major modifications culminated with the transition from excellent to poor solubilization properties due to variations from strong to very weak adhesive interactions. For example, the zwitterionic detergents solubilized well the acidic β barrels, but exhibited weak adhesive contacts with the basic β barrels, performing poorly in solubilizing the latter proteins. Moreover, hydrophobic interactions played a major role in the PDC. This was clearly supported by the full-atomistic molecular dynamics (MD) simulations with an uncharged maltoside-containing detergent. Finally, we show that such a semiquantitative experimental approach might be extended to other challenging membrane protein systems of different subunit stoichiometry or unknown structure, suggesting its potentiality to produce impactful transformations in the areas of membrane chemical biology.
■ METHODS
Cloning, Expression, and Purification of FhuA ΔC/ Δ5L. The fhua Δc/Δ5l gene lacking the regions coding for the cork domain (C) and five extracellular loops L3, L4, L5, L10, and L11, was produced through de novo synthesis (Geneart, Regensburg, Germany). 23, 24 f hua Δc/Δ5l_t7 was created by inverse PCR using pPR-IBA1-f hua Δc/Δ5l-6 × His + plasmid as a template. The PCR product was self-ligated to create pPR-IBA1-f hua Δc/Δ5l_t7−6 × His + . The β turn T7 (V 331 PEDRP 336 ) was replaced with a single cysteine-containing, flexible, GS-rich peptide loop (GGSSGCGSSGGS) for the fluorophore attachment. Protein expression was conducted, as previously published. 25, 26 Refolding of FhuA ΔC/Δ5L. We employed a rapiddilution refolding protocol. 27, 28 Briefly, 40 μL of 6 × His + -tag purified and guanidinium hydrochloride (Gdm-HCl)-denatured FhuA protein was 50-fold diluted into 200 mM NaCl, 50 mM HEPES, pH 7.4 solutions at 4°C, which included detergents at concentrations above their CMC (Table 1) . Different starting detergent concentrations were used, as follows (when multiple concentrations are given, the lower concentrations were needed to get dilutions with a low enough detergent concentration to cover the required range): (i) 5 and 20 mM starting detergent concentration for n-decyl-β-D-maltopyranoside (DM), nundecyl-β-D-maltopyranoside (UM), and n-dodecyl-β-D-maltopyranoside (DDM); (ii) 50 mM 4-cyclohexyl-1-butyl-β-Dmaltoside (CYMAL-4); (iii) 50 mM n-octyl-β-D-glucoside (OG); (iv) 50 mM 3-[(3-cholamidopropyl)-dimethylammo- nio]-1-propanesulfonate] (CHAPS); and (v) 20 mM 1-lauroyl-2-hydroxy-sn-glycero-3-phosphocholine (LysoFos). All detergents were purchased from Anatrace (Maumee, OH). To avoid hydrolysis and oxidation, 29 detergent solutions were freshly prepared.
Fluorescent Labeling of the FhuA Derivatives. Ten μM FhuA derivatives (Table 2) were each incubated with 200 μM Texas Red C2 maleimide (Thermo Fisher Scientific) overnight at room temperature. The incubation buffer contained 200 mM NaCl, 50 mM Tris, 1 mM TCEP, pH 8.0, and 6 M Gdm-HCl. Proteins were separated from the unreacted fluorophore by Ni 2+ -NTA column chromatography in the same buffer, but with a 10−200 mM imidazole step gradient. Using ε 595 = 104,000 M −1 cm −1 for Texas Red C2 and a correction factor of 0.26 × ε 595 to account for the fluorophore absorbance at 280 nm, labeling stoichiometry was determined as ∼0.3−0.8 labels/ protein.
Expression and Purification of OmpG D224C. A cysteine was engineered on extracellular loop L6 of OmpG using single-site mutagenesis PCR. OmpG D224C was expressed, purified, and refolded as previously described. 30 Proteins were expressed in E. coli BL21 (pLys) cells, which were transformed with the plasmid pT7-OmpG D224C. Cells were grown in LB media at 37°C until the OD 600 reached a value of 0.6, at which time they were induced by 0.5 mM IPTG. Cells were harvested 3 h later and lysed in lysis buffer (50 mM Tris·HCl, pH 8.0, 150 mM NaCl, 200 μg/mL lysozyme, 1 mM EDTA, 3 mM TCEP) via sonication. The lysate was centrifuged at 19 000 g for 30 min before washing once with 30 mL of a buffer containing 50 mM Tris·HCl, pH 8.0, 1.5 M urea, 3 mM TCEP. Then, the OmpG D224C-containing inclusion bodies were dissolved in 30 mL of buffer containing 50 mM Tris·HCl, pH 8.0, 8 M urea, 3 mM TCEP and passed through a 0.45 μm filter before FPLC purification. Protein purification was accomplished using a 5 mL Q-ionic exchange column (GE Healthcare Life Sciences, Pittsburgh, PA) and eluted in a buffer containing 50 mM Tris·HCl, pH 8.0, 8 M urea, 3 mM TCEP, 500 mM NaCl by applying a salt gradient.
Fluorescent Labeling of the OmpG D224C. After purification, OmpG D224C was incubated in 10 mM TCEP for 30 min on ice. Then, TCEP was removed using a desalting column, which was equilibrated with buffer containing 50 mM HEPES, pH 7.0, 150 mM NaCl, 8 M urea. The reduced protein was incubated in Texas Red C2-maleimide (Thermo Fisher Scientific), in a molar protein:fluorophore ratio 1:20 either at room temperature for 2 h or at 4°C overnight. The reaction mixture was passed through the desalting column to eliminate all unreacted reagents. The chemically modified OmpG D224C sample was snap-frozen in liquid nitrogen and stored at −80°C
. To test the folding properties of the labeled protein, an aliquot of the protein sample was diluted with the refolding buffer containing 50 mM Tris·HCl, pH 9.0, 3.25% OG until the final urea concentration reached 3.0 M. Samples were then incubated at 37°C for 3 days. The refolding efficiency of Texas Red-labeled OmpG D224C was determined using the heatmodifiability assay through the SDS-PAGE analysis. 27, 31 Expression and Purification of SELENOK U92C and SELENOS U188S. The cloning, expression, and purification of Homo sapiens SELENOK U92C (UniProtKB Q9Y6D0) and SELENOS U188S (UniProtKB Q9BQE4) used in this study were described previously. 32 In short, SELENOK U92C was cloned into a pMAL-C5X vector (New England Biolabs, Ipswich, MA) and fused to maltose-binding protein (MBP). A 6 × His + tag was introduced between residues I3 and E4 of MBP to facilitate purification. A short linker NSSS with a tobacco etch virus (TEV) protease cleavage site (ENLYFQG) was used to connect the two proteins. In addition, an eightamino acid-StrepII tag (WSHPQFEK) was inserted between Figure S1 ). Similarly, SELENOS U188S, with the native selenocysteine at position 188 mutated to serine, was cloned in the same way into the pMAL-C5X vector and fused with MBP. 33 A short linker NSSS and a TEV cleavage site, ENLYFQS, was used to connect the two proteins. Following cleavage with TEV protease, only a serine was present before the first native amino acid. Expression and purification of SELENOS U188S was similar to the procedure above with the only difference that instead of the Strep-Tactin affinity chromatography SELENOS U188S was purified by a HisTrap FF column (GE Healthcare Life Sciences) to remove the 6 × His + tagged-MBP and TEV protease. 34 The flow through containing the purified SELENOS U188S was collected. The protein purity, as determined by SDS-PAGE, was greater than 95%.
Fluorescent Labeling of SELENOK U92C and SELENOS U188S. SELENOK U92C or SELENOS U188S (40 μM) were reduced by addition of 5 mM dithiothreitol (DTT) and incubated at room temperature for 20 min. DTT was then removed using a desalting column (5 mL HiTrap desalting column, GE Healthcare Life Sciences). Labeling reactions were carried out using 50 μM SELENOK U92C or SELENOS U188S in the reaction buffer (50 mM sodium phosphate, 200 mM NaCl, 0.067% DDM, 1 mM EDTA, pH 7.5) supplemented with 1 mM Texas Red C2-maleimide (Setareh Biotech, Eugene, OR) and incubated at room temperature for 1 h. Excess Texas Red C2 maleimide was removed by dialysis in the dark against the reaction buffer. SELENOK U92C was specifically labeled on the C92 position, as this is the only cysteine in the protein. SELENOS U188S was only labeled on the C174 position since the other cysteine is located in the trans-membrane helix and was proven to be inaccessible for fluorescent labeling.
Anisotropy Measurements. For FP measurements, we used a SpectraMax I3 plate reader (Molecular Devices, Sunnyvale, CA) equipped with the Paradigm detection cartridge for Rhodamine FP spectroscopy. 35 The excitation and emission wavelengths were 535 and 595 nm, respectively. A Texas Red fluorophore was covalently attached to an engineered cysteine sulfhydryl, because of its optical stability over a broad range of experimental circumstances. 36 The attachment site was chosen on the water-soluble domains of the membrane proteins, because of the hydrophilic nature of this bright fluorophore. 37 The FP recordings were carried out using 96-well Costar assay plates (Corning Incorporated, Kennebunk, ME). The fluorescence anisotropy depends on the timedependent orthogonal, I 0 (t), and parallel, I p (t), emission intensities, as follows:
Here, G is a sensitivity correction factor for the detection modes when emission polarizers are oriented vertically and horizontally.
I HH denotes the intensity with both the excitation and emission polarizers in a horizontal orientation. I HV indicates the intensity with the excitation and emission polarizers oriented horizontally and vertically, respectively. The FP data were processed as average ± SD over a number of at least three independent acquisitions. The robustness of the acquired data was illustrated in figures through vertical SD bars. We executed steady-state anisotropy recordings with diluted refolded protein samples within individual wells, while keeping the final protein concentration constant at either 28 nM (β-barrel proteins) or at 200 nM (α-helical proteins). For all proteins, this was accomplished by diluting the refolded protein sample within individual wells with buffer containing detergents at various concentrations. The final detergent concentration in the protein samples for anisotropy measurements was derived using the following equation:
where V and C f denote the well volume and the final detergent concentration of the protein sample for anisotropy measurements, respectively. In this way, we were able to prepare samples containing detergents in a broad range of concentrations below and above their CMC. We verified that potential self-quenching of Texas Red does not produces a time-dependent reduction in the FP output of the protein-Texas Red conjugate. Therefore, we performed control time-dependent anisotropy experiments, as follows: (i) at the beginning of the measurements at detergent concentrations much greater than their CMCs (Supporting Information, Figure S2 ); and (ii) after 24 h, reaching the end points of the detergent desolvation reaction (Supporting Information, Figure S3 ). In both cases, we found no timedependent alterations of the anisotropy readout. The FP anisotropy measurements were conducted under equilibrium conditions. The incubation time for the equilibration of protein samples after detergent dilution was 15 min. Then, a timedependent kinetic read of the fluorescence anisotropy was acquired at the beginning of the detergent desolvation reaction. To ensure uniform recording conditions, we collected the end points after 24 h, a period in which the protein samples, incubated at different detergent concentrations, were covered and placed at 4°C. These end points were used to achieve the detergent dissociation isotherms. Protein aggregation increased over time upon drastic detergent depletion, but without affecting the signal-to-noise ratio of the anisotropy end points. The Hill-Langmuir dissociation-isotherm curves were fitted by 39 The Journal of Physical Chemistry B
r min and r max denote the minimum and maximum values of anisotropy, respectively. 10 p and K d indicate the Hill coefficient and the apparent dissociation constant, respectively. The major assumption of this fitting procedure is that the protein surface shows specific binding sites for detergent monomers. The steepness of the two-state transition of detergent desolvation at half detergent saturation, q, was calculated by the following equation:
MD Simulations of the Interactions of DDM with β-Barrel Proteins. All simulations were performed using the molecular dynamics program NAMD2, 40 periodic boundary conditions, and a 2 fs time step. The CHARMM36 force field 41 was used to describe proteins, detergents, TIP3P water, and ions. The CUFIX corrections were applied to improve description of charge−charge interactions. 42, 43 RATTLE 44 and SETTLE 45 algorithms were applied to describe covalent bonds that involved hydrogen atoms in proteins, detergents and water molecules. Particle-Mesh-Ewald (PME) 46 algorithm was used to evaluate the long-range electrostatic interaction on a 1 Å-spaced grid; the full electrostatics calculation was performed every three timesteps. van der Waals interactions were evaluated using a smooth 10−12 Å cutoff. Atomic coordinates of the four β-barrel proteins, OmpG (PDB entry 2IWV 21 ), FhuA ΔC/Δ5L (PDB entry 1BY5 22 ), FhuA ΔC/Δ5L_25N, and FhuA ΔC/Δ7L_30N, were obtained from the Protein Data Bank. Structures containing deletions and mutations were built by modifying the wild-type structure. For each β-barrel protein, two systems were constructed differing by the initial placement of the DDM molecules. The cubic arrangement of DDM was realized by placing 21 DDM molecules around the protein with the average protein-to-DDM distance of 5.7 nm, whereas in the planar arrangement, the DDM molecules were placed within a plane passing through the geometrical center of the protein. The systems were solvated using the VMD's Solvate plugin. Waters overlapping with the proteins and DDM molecules were removed. Sodium and chloride ions were added to neutralize the system and bring the ion concentration to 200 mM. The final systems contained approximately 172 000 atoms. The initial DDM concentration was 20 mM. One additional FhuA ΔC/Δ5L system was built to containing 105 DDM molecules in the same electrolyte volume, which corresponded to a concentration of 100 mM DDM with cubic arrangement. Each system was minimized for 9600 steps using the conjugate gradient method, then equilibrated for ∼230 ns in the constant number of atoms, pressure and temperature ensemble. The Nose-Hoover Langevin piston pressure control 47, 48 was used to maintain the pressure of the system at 1 atm by adjusting the system's dimension. Langevin thermostat 49 was applied to all the heavy atoms of the system with a damping coefficient of 0.1 ps
. All the trajectories were analyzed by using VMD. 50 
■ RESULTS
Rationale for Data Acquisition, Analysis, and Interpretation. For a satisfactorily solubilizing detergent, we determined that at concentrations much greater than the CMC (Table 1) the FP anisotropy reached a concentrationindependent maximum value, r max ( Figure 2 ). In contrast, at detergent concentrations comparable with or below the CMC, the FP anisotropy followed a decrease to a concentrationdependent value, r(c) < r max . Moreover, at detergent concentrations much lower than the CMC the FP anisotropy decreased to a concentration-independent minimum value, r min . OmpG 51 and FhuA 23, 35 proteins exhibit an overwhelming preponderance of antiparallel β-sheet structure in solution under detergent-refolding conditions. At detergent concentrations well below their CMC, a decrease in the FP anisotropy was produced by the dissociation of the detergent monomers from the protein, resulting in a reduction in the hydrodynamic radius, R h , of the PDC, and a corresponding increase in its tumbling rate. This interpretation was also supported by the observation that at detergent concentrations well above their CMC, no significant change in the FP anisotropy readout was noted (Supporting Information, Figure S2) . Therefore, the detergent-solubilized membrane proteins featured a maximum anisotropy, r max , whereas the detergentdesolvated proteins exhibited a minimum anisotropy, r min ( Figure 2 ). Of course, deviations from this rule occurred under poor detergent solubilization conditions, even if the detergent concentration was much greater than the CMC. For Alterations in the Charge Distribution of the SolventAccessible Surface of β-Barrels. To further examine the impact of electrostatic adhesive interactions on K d , we examined four β-barrel proteins of varying charge distribution on the solvent-accessible surface (Table 2 ). These were OmpG 21 and three derivatives of FhuA 22 of E. coli, FhuA ΔC/Δ5L, FhuA ΔC/Δ5L_25N, and FhuA ΔC/Δ7L_30N (Figure 1) . 24 FhuA ΔC/Δ5L is a truncation FhuA mutant lacking the 160-residue, N-terminal cork domain (C) and extensive parts of the extracellular loops L3, L4, L5, L10, and L11. FhuA ΔC/Δ5L_25N features 25 negative charge neutralizations on the extracellular loops and periplasmic β turns with respect to FhuA ΔC/Δ5L. FhuA ΔC/Δ7L_30N was derived by additional four loop truncations, L4, L5, L7, and L8, with respect to the FhuA ΔC/Δ5L scaffold, and with a total of 30 negative charge neutralizations with respect to FhuA ΔC/ Δ5L. These charge neutralizations were conducted by replacing D and E with N and Q, respectively. In this way, we accomplished an extensive change in the balance between positive and negative residues on the solvent-accessible surface. Therefore, at physiological pH negative residues were dominant in OmpG and FhuA ΔC/Δ5L, making these proteins acidic (pI < 7.0), whereas positive side chains are prevalent in FhuA ΔC/ Δ5L_25N and FhuA ΔC/Δ7L_30N, making these proteins basic (pI > 7.0) ( Table 2) .
Balance of Adhesive and Cohesive Interactions of the β-Barrel-Containing Proteomicelles. Neutral Detergents. Figure 3 shows the transitions of detergent desolvation with four maltoside-containing neutral detergents, as follows: DDM ( Figure 3A) , UM ( Figure 3B ), DM ( Figure 3C ), CYMAL-4 ( Figure 3D ) (Supporting Information, Table S1 ). In these panels, we showed the basal anisotropy readout, r 1 = 0.16, recorded with FhuA ΔC/Δ5L when fully unfolded (e.g., in most rotationally diffusive state) using 6 M Gdm-HCl (Table  3 ). The only distinction among DDM, UM, and DM is the length of their hydrophobic tail, with 12, 11, and 10 alkyl carbons, respectively. CYMAL-4 is also a maltoside-containing detergent, but containing a very short hydrophobic tail (e.g., 4 alkyl carbons) and a cyclohexyl group. When all four proteins were incubated in DDM, we noted that the three FhuA protein mutants exhibited K d values greater than the CMC, suggesting that the cohesive forces outperformed the adhesive forces, a finding that was not encountered with OmpG (Supporting Information, Table S2 ). The FhuA mutants showed a shift in the UM desolvation-induced transition toward stronger adhesive interactions ( Figure 3B) . Interestingly, the DM desolvation-induced transition recoded with the basic FhuA proteins was very sharp and featured the largest positive Hill cooperativity p values of ∼27 ( Figure 3C and Table 4 ), contrasting to those noted with weakly adhesive acidic β barrels. Moreover, all four β-barrel proteins exhibited stronger adhesive than cohesive interactions with CYMAL-4 ( Figure 3D and Table 4 ). Therefore, at physiological pH conditions, we found that for basic β barrels the adhesive interactions increased with respect to cohesive interactions in the order DDM → UM → CYMAL-4 → DM (Supporting Information, Table S2 ; last column).
We were able to refold the acidic β-barrel proteins in glucoside-containing neutral detergent (OG) and noted a detergent desolvation-induced transition with maximum and minimum anisotropy values of ∼0.30 and ∼0.16, respectively (Table 3, Table 4 ). In contrast, the experiments with the basic β-barrel proteins revealed very low anisotropy values of ∼0.17, near r 1 , which corresponded to the most rotationally diffusive FhuA ΔC/Δ5L, indicating poor solubility features under these experimental conditions. Because the two-state detergent desolvation-induced transition was only observed with acidic, but not basic β barrels, it is conceivable that the anisotropy value, r, is strongly dependent on the characteristics of the PDC, even if there is some mobility restriction of the fluorophore by the detergent coat. Therefore, these examples illustrate how extensive changes in the charge distribution across the solvent-accessible surface of the β barrel proteins produced dramatic alterations in the magnitude of adhesive interactions.
Zwitterionic Detergents. We extended these studies to zwitterionic detergents. Interestingly, we were able to refold the acidic β barrels in CHAPS, but not the basic β-barrels ( Figure  4 ). This situation resembles that found with OG. Indeed, the time-dependent changes in the FP anisotropy revealed a fast dissociation of CHAPS from FhuA ΔC/Δ5L at a detergent concentration of 2 mM, which is ∼3-fold lower than its CMC (Table 1 , Supporting Information, Figure S4 ). In contrast, we found a strong binding interaction between CHAPS and OmpG, with a K d < 0.6 mM (Table 4) . n-Dodecyl-N,N- (Table 3 ). This anisotropy value corresponds to the most rotationally diffusive FhuA ΔC/Δ5L.
The Journal of Physical Chemistry B Article dimethylglycine (LD), another zwitterionic detergent, showed a closely similar signature, encompassing adhesive interactions with the acidic β-barrels, but weak interactions with the basic β-barrels (Supporting Information, Figure S5 ). In excellent accord with the outcomes pertaining to the above-mentioned zwitterionic detergents, LysoFos exhibited stronger adhesive interactions with the acidic β-barrels than those interactions with the basic β-barrels (Table 3 and Table 4 ). On the other hand, the K d values noted with the interaction of LysoFos with the basic β-barrels matched the CMC under similar experimental conditions, indicating no significant difference between adhesive and cohesive interactions ( Table 1 and Table  4 ). Therefore, LysoFos was found as a satisfactorily solubilizing detergent for both the acidic and basic β barrels.
Does pH Alter the Interfacial Interactions of the PDC with Neutral Detergents? Here, we asked whether pH alters the balance between the adhesive and cohesive interactions. It is worth mentioning that Texas Red is a pH insensitive fluorophore. 52 Because pH modifications affect the protein electrostatics, but not the cohesive interactions within proteomicelles formed by a neutral detergent, we examined the PDC interfacial interactions mediated by DM ( Figure 5 ; Supporting Information, Table S3 and Table S4 ). The rationale of this choice resided in the fact that at physiological pH DM showed substantially increased adhesive interactions with the basic β barrels (K d ∼ 0.9 mM), as compared with the acidic β-barrels (K d ∼ 1.8 mM), although it is a neutral detergent ( Figure 3C ). At acidic pH values, no significant distinctions between K d and CMC were observed, despite a broad pI range among the four β-barrels. In contrast to all FhuA derivatives, DM-refolded OmpG showed no significant pH-dependent alterations in the balance between adhesive and cohesive interactions when examined in the pH range 4.6−8.2 (Supporting Information, Table S4 ; last column), likely due to very strong hydrophobic interactions at the PDC interface.
MD Simulations of the Interactions between DDM and the β-Barrel Proteins. To gain insights into the PDC interactions at the submicroscopic level, we simulated spontaneous aggregation of DDM detergents around OmpG, FhuA ΔC/Δ5L, FhuA ΔC/Δ5L_25N, and FhuA ΔC/ Δ7L_30N, using the MD method of Bond and colleagues (2004) . 53 Each simulation system contained one copy of the protein, 21 or 105 DDM molecules, which translates into 20 or 100 mM DDM concentration, respectively, and 200 mM NaCl electrolyte ( Figure 6A ). Two independent simulations were performed for each system differing by the initial arrangements of the DDM molecules (Methods Section). Starting from a disperse configuration, DDM molecules were seen to aggregate at the surface of the proteins, reaching a dynamic equilibrium after ∼100 ns ( Figure 6B ; Supporting Information, Figure  S6A ). In all simulations, all DDM molecules were observed to eventually form a complex with the protein (Supporting f R h max is the maximum hydrodynamic radius of the proteomicelle.
g ΔR h is the decrease in the hydrodynamic radius, R h , as a result of the detergent desolvation. Figure  S6B ,C). Interestingly, increasing DDM concentration by 5-fold produced a rather modest (∼0.6 nm) increase of Rg (Supporting Information, Figure S6D ).
The steady-state parts of the trajectories were used to extract information about DDM-protein interactions. Figure 6C shows two typical traces characterizing binding of DDM's hydrophobic (tail) and hydrophilic (head) parts to FhuA ΔC/Δ5L. The tail parts of all DDM molecules bind to the protein surface, which is not the case for the head groups of which only ∼80% have atoms that are in contact with the protein surface ( Figure  6D ). The most dramatic difference, however, is seen in the magnitude of the steady-state fluctuations, σ, which we use as an effective measure of binding affinity. Indeed, assuming that the binding of a detergent to a protein can be described by a harmonic potential and that the conditions of the equipartition theorem are met, the spring constant of the harmonic potential should be inversely proportional to the square of the standard deviation. According to this argument, the headgroup of DDM binds to the protein ∼8 times less strongly than the tail part ( Figure 6D) . Similarly, we find that the binding of DDM to hydrophobic residues to be ∼2.6 times stronger than to hydrophilic residues and ∼8 times stronger than to charged residues ( Figure 6D ; Supporting Information, Figure S7A ). 
27 ± 3 0.9 ± 0.1
27 ± 6 0.9 ± 0.1 1.07
2.3 ± 0.9 4.5 ± 1.1 0.17
9.1 ± 6.2 0.47 ± 0.04 0.51
4.5 ± 0.5 0.71 ± 0.03 0.22
3.5 ± 0.7 0.73 ± 0.04 0.13
a This was determined with three FhuA derivatives and OmpG as well as a panel of five neutral detergents of varying hydrophobic chain and hydrophilic head group. The FP measurements were carried in 200 mM NaCl, 50 mM HEPES, pH 7.4 and at a temperature of 24°C. All data were derived as averages ± SDs of three independent data acquisitions. b To reach low detergent concentrations below the CMC, the Gdm-HClsolubilized (FhuA derivatives) or urea-solubilized (OmpG) proteins were refolded at various detergent concentrations above the CMC.
c The dose− response equilibrium curves were fitted by the four-parameter Hill equation.
d This column indicates the names of the detergents and proteins used in this work. e p is the Hill coefficient.
f The apparent dissociation constant, K d , was determined as the midpoint of the dose-dependent dissociation phase.
13 g The slope factor or transition steepness was calculated at the midpoint of the dissociation phase.
h Free energies were determined using the standard thermodynamic relationship ΔG = RT ln
The quantitative balance between the adhesive protein-detergent (F adh ) and cohesive detergent-detergent interactions (F coh ) of the proteomicelles.
j Not determined. (Table 3 ). All the other experimental conditions were the same as in Figure 3 .
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Here and anywhere else in the paper, hydrophilic residues include polar and charged residues. Analyzing the binding of head groups and tails of DDM separately, we find only the tail domain to exhibit considerable dependence of binding strength on the residue type (Supporting Information, Figure S7B −C). Further analysis found no significant correlation between the DDM binding affinity and the sign of the charged residues (Supporting Information, Figure S7D −F). Figure 6E shows the structure of the four proteins colored by the local probability of binding DDM molecules. Interestingly, DDM molecules did not uniformly cover the hydrophobic belt of the protein and tended to form half-micelle like aggregates at the junction of the loops and the β barrel. One possible explanation for such an arrangement is that detergent molecules seek such configurations where both their hydrophobic and hydrophilic parts are placed in the most favorable environment. At the same time, the pattern of DDM binding ( Figure 6E ) is very similar to the pattern of hydrophobic and hydrophilic residues in the protein structures (Supporting Information, Figure S8A ). Note that increasing the number of DDM molecules does not lead to formation of half-micelles at the hydrophobic belt of the protein (Supporting Information, Figure S6A ). Unfortunately, statistical sampling of binding events was not sufficient in our simulations to elucidate the effect of point mutations on DDM binding. Nevertheless, we could infer this information by evaluating the effect that a residue type has on its probability to bind DDM. Figure 6F plots the fraction of hydrophobic, hydrophilic, as well as positively and negatively charged residues in the respective protein structures, which was averaged over the four proteins. Figure S8A (Supporting Information) show the same data for individual proteins. If the binding of DDM molecules to a protein were completely random, the fraction of residues that would bind detergent would be the same as the fraction of the residues in the protein. Analysis of MD simulations, however, does not support this conjecture. DDM molecules are found to bind hydrophobic residues 50% more likely than suggested by their abundance in the structure whereas binding hydrophilic residues was 30% less likely ( Figure 6F) . Interestingly, the hydrophobic residues of OmpG bind DDM considerably stronger than those of FhuA variants (Supporting Information, Figure S8B ), in agreement with the proteins' grand average of hydropathicity indices (Table 2 ). Substantial reduction of DDM binding is also observed in the case of positively and negatively charged residues.
Do α-Helical Transmembrane Proteins Undergo a Two-State Detergent Desolvation-Induced Transition? One question is whether we can extend this FP-based approach to other membrane proteins, which are different in structure from β barrels. Therefore, we inspected SELENOS and SELENOK, two small, human membrane proteins that are not related in structure and homology with either OmpG or FhuA. SELENOS and SELENOK are single-pass polypeptides with a short luminal segment, a single transmembrane helix, and a cytoplasmic domain housing a selenocysteine (Sec) residue. 54 The cytoplasmic regions contain an unstructured segment rich in glycine, proline, and polar residues ( Figure 7A ). Both SELENOS 34 and SELENOK 32 are homodimers ( Figure  7B ). In this work, we explored SELENOK U92C and SELENOS U188S, in which the selenocysteine was mutated either to cysteine (SELENOK) or serine (SELENOS), leaving a sole cysteine in the protein for fluorescent labeling (Supporting Information, Table S5 ). We also noted that these proteins underwent a two-state DDM desolvation transition in proteomicelles, but between significantly lower r max and r min values than those determined with the FhuA derivatives (Supporting Information, Table S6 ). For both α-helical proteins, the apparent K d values were greater than the CMC, suggesting that the cohesive interactions were greater than the adhesive interactions ( Figure 7C ; Supporting Information, Table S7 ; last column). (Table 3 ). All the other experimental conditions were the same as in Figure 3 .

■ DISCUSSION
In this work, we inspected the interfacial interactions between detergents and water-insoluble membrane proteins. The detergent desolvation of insoluble membrane proteins is closely related to protein unfolding. Recently, using temperaturedependent circular dichroism (CD) spectroscopy and chemical denaturant-induced protein unfolding, we showed that r max and r min correspond to the folded and unfolded states, respectively. 35 This finding implies that the unfolding transition of these β barrel proteins in aqueous phase occurs in between these states. However, the observed changes in the FP anisotropy directly reflected adhesion−dissociation of detergent monomers from the protein, not protein folding-unfolding. The two-state transition of detergent desolvation was due to detergent depletion in the proximity of a hydrophobic membrane protein or weak adhesive PDC interactions. The steady-state FP anisotropy values on these plots represent the end points of the desolvation reaction; thereby, the signal resulting from more fluorophores has no impact on the end points of the desolvation reaction. For example, we show the ability of obtaining the two-state Langmuir-Hill dissociation curves using two dimeric selenoproteins of unknown structure. Moreover, three distinct protein instances (e.g., FhuA, OmpG, and selenoproteins) indicate the effective labeling of the membrane proteins within the aqueous phase-exposed domains for quantitative FP studies.
In general, the very acidic OmpG exhibited stronger adhesive interactions with both neutral and zwitterionic detergents than the other FhuA protein mutants, likely due to strong hydrophobic PDC contacts. The all-atom MD simulations confirmed a stronger binding interaction of DDM to OmpG than to other FhuA derivatives ( Figure 3 ; Table S2 ; Supporting Information, Figure S8B ). At physiological conditions, the adhesive interactions were greater than the cohesive interactions in the case of acidic β barrels solubilized by neutral, short-hydrophobic tail detergents CYMAL-4 and OG, The mean equilibrium number of DDM molecules bound to the proteins (left) and the mean equilibrium standard deviation (right) of the number of DDM molecules bound to the proteins. In each figure, the left two columns characterize binding of the tail or head groups of DDM to the proteins; the right three columns characterize binding of entire DDM molecules to the hydrophobic, hydrophilic and charged residues of the proteins. The data were averaged over the steady-state (last ∼70 ns) parts of two independent MD trajectories for each protein and then over the four protein systems. (E) Four β-barrel proteins colored according to their local propensity for forming an interface with DDM molecules. For each residue, the contact probability was calculated as the fraction of the time it was bound to a DDM molecule within the last ∼70 ns of the equilibration simulation. (F) The average fraction of the hydrophobic, hydrophilic, positively and negatively charged residues in the four β-barrel proteins (open bars) and the fraction of those residues that bind DDM (filled bars) during the steady-state (last ∼70 ns) parts of the MD trajectories. The data were averaged over the two independent MD trajectories for each protein and then over the four protein systems. In panels D and F, error bars represent standard deviations among the eight simulations.
The Journal of Physical Chemistry B Article as well as by zwitterionic detergents CHAPS, LD, and LysoFos. In contrast, the basic β barrels could not be folded in OG, CHAPS and LD, but showed comparable adhesive and cohesive interactions when incubated in LysoFos. These findings imply that for the zwitterionic detergents the electrical dipoles of the monomers are attracted by the dominant negative charges of the acidic β barrels, but repelled by the dominant positive charges of the basic β proteins. Another clear distinction between acidic and basic barrels was noted with DM at physiological pH. Closely similar adhesive and cohesive interactions were apparent for the acidic β barrels, but strong adhesive interactions were found for the basic β-barrels. These few examples illuminate the entanglement and importance of the hydrophobic and electrostatic interactions in mediating the PDC interface.
r min and r max , defining the two substates of the desolvation transition, were significantly smaller for the shorter polypeptides, which is in accord with a greater rotational mobility of a lower-molecular mass proteomicelle. For example, the 102-residue SELENOK U92C and 190-residue SELENOS U188S showed r min values of 0.095 ± 0.002 and 0.103 ± 0.002, respectively, when they were solubilized in 1.3 mM DDM. These values correspond to rotational diffusion coefficients, D r fast , of ∼1.3 × 10 8 and ∼1.1 × 10 8 s −1 (Supporting Information, Table S6 ), respectively, giving rotational correlation times, θ, in the range 1.3−1.5 ns. This time interval compares well with the rotational correlation time θ = 14.2 ns, as calculated for Stam2 VHS-domain (VHS), a 17.7 kDa protein, at 20°C. 55 Another interesting aspect of the hydrodynamics of DDM-containing proteomicelles is that the average radius, R h , determined with β-barrel proteins, ranged a narrow interval between 2.5 and 2.8 nm, whereas that calculated for the shorter helical polypeptides was ∼2.1 nm. The MD trajectories of the DDM-mediated proteomicellizations with all four β barrels indicated a gyration radius covering a range between 2.2 and 2.9 nm. Our full-atomistic MD computational studies also indicated that a substantial increase in the DDM concentration did not produce a significant change in the PDC gyration radius. This finding is in accord with the FP anisotropy measurements, which did not reveal alterations in the FP anisotropy at detergent concentrations much greater than the CMC (Supporting Information, Figure S2 ). In some cases (e.g., all desorption isotherms in Figure 3B ), the r min values acquired with the β-barrel proteins were greater than the value corresponding to most rotationally diffusive FhuA ΔC/Δ5L protein (r 1 = ∼ 0.16), which was acquired under denaturing conditions by excess of Gdm-HCl. At least two possibilities can explain these slightly elevated r min values. First, there might be a small residual amount of yet-bound detergent monomers at the lowest detergent concentrations used in this work, thus contributing to a decreased rotational mobility of the desolvated protein. Second, there are effects of the soluble local aggregation, again decreasing the tumbling rate of the desolvated protein. It should be noted that soluble aggregates of proteins would increase the anisotropy due to the size increase from monomers. Because the proteins examined in this work are hydrophobic, we do also see, as expectedly, insoluble aggregation at detergent concentrations much smaller than the CMC, resulting in a decrease in raw polarization signal.
We used Texas Red, a bright fluorophore, 36 enabling a low concentration of the inspected protein. This is a very important asset of this approach, given the limited expression and purification yields of water-insoluble membrane proteins. Previous FP methods also involved time-resolved anisotropy measurements that require a very fast detector. 56 This latter FP method facilitates the determination of anisotropy decays of proteins exposed to excitation light pulses shorter than the decay time constant of the sample. In this way, time-resolved anisotropy studies can reveal details lost in the averaging process, such as molecular shape, conformational substates, and local flexibility. Because of the need for sophisticated equipment, these time-resolved anisotropy measurements cannot be expanded to a multiplexed format for inspecting a large sample number, which is a critical requirement in the HTS area of the PDC interactions. One immediate question is whether this semiquantitative FP-based approach can be expanded by employing intrinsic tryptophan fluorescence. This is because in general membrane proteins have multiple tryptophan residues exposed to their hydrophobic interface. 24 We judge that it is not very convenient to use intrinsic tryptophan fluorescence for the FP-based spectroscopy studies for a number of reasons. They include complex contributions of individual-residue tryptophan spectra to the overall FP spectrum of the protein as well as rapid tryptophan quenching, because the indole nucleus is prone to electron donation during the excitation state. 57 Moreover, the presence of multiple tryptophan residues in any given membrane protein requires their mutagenesis with nonfluorescent side chains.
14 Therefore, many applications of the FP spectroscopy rely on covalently attached intense fluorophores, such as Texas Red from this work. It should be mentioned that this approach cannot be The Journal of Physical Chemistry B Article coupled with large fluorophores, such as green fluorescence protein (GFP) and its derivatives, because they can potentially impact the local tumbling rate, flexibility, and even conformation of the inspected protein.
There are various ways to identify contributions (if any significant) of light scattering to the FP anisotropy signal. We think that the light scattering has negligible effects to our acquired fluorescence anisotropy signal for the following independent reasons: (i) the Spectramax i3 plate reader that we used is equipped with emission filters for rhodamine derivatives (Texas Red is one of them). These filters are designed for excitation at 535 nm and emission at 595 nm. This rather large separation between excitation and emission (∼60 nm) ensures that scattering is minimal in our data; (ii) the large wavelength of emission was strategically used to avoid Raman and Rayleigh scattering effects. This is because the light intensities of both scattering contributions are proportional to λ −4 , where λ is the wavelength; 58 (iii) in our very preliminary stage of these studies, we have increased the concentration of labeled proteins up to a level, in which the signal was independent of protein concentration; 59 (iv) we conducted control experiments with proteins of closely similar molecular mass, but that exhibit a broad range of detergent solubilization properties under identical micellization conditions. The basal fluorescence anisotropy of the unfolded FhuA variants under excess of Gdm-HCl was ∼0. 16 . We demonstrated that acidic FhuA proteins were refolded in OG, showing an anisotropy signal of ∼0.3. On the contrary, the basic FhuA variants were not refolded in OG and aggregated in solution in the presence of OG-induced micelles, exhibiting a fluorescence anisotropy of ∼0. 16 . This control experiment demonstrated that both the light scattering contributions and protein aggregation did not affect the FP anisotropy signal under OG-induced micellization conditions. Such a control experiment was also recapitulated with other detergent micelles (e.g., CHAPS in Table 3 , Figure  4 ). These experimental outcomes indicates that the fluorophore directly probed whether the protein is in a detergent solvated or desolvated state. 35 Overall, we think that the light scattering of the incident excitation light into the emission pathway does not affect the anisotropy values reported here.
■ CONCLUSIONS
In summary, we report a comparative study of the detergent desolvation-induced transitions of membrane proteins of varying biophysical and structural fingerprint. This approach for deriving the energetics of detergent desolvation was used for four robust β-barrels, but extended to two α-helical ones, whose X-ray crystal structure is not yet available. These membrane proteins were expressed, solubilized, purified, and refolded under very distinctive protocols, reinforcing the impact of this approach on other membrane proteins to examine their interfacial PDC interactions. Therefore, this method may be applied to diverse mixtures of detergents with complementary interfacial features. For example, such measurements might be expanded to mechanistic studies of the PDC interactions of newly developed detergent-like compounds, such as steroidbased facial amphiphiles, 60 
